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ABSTRACT  Many proline-catalyzed asymmetric addition reactions with ketones as substrates 
were assumed to involve a key intermediate, an enamine, produced by the condensation of proline and 
ketone. In this paper, the key intermediate enamines derived from L-proline and cyclohexanone (or 
acetone) as well as the corresponding oxazolidinone and imine tautomers have been investigated by 
means of density functional calculations at the B3LYP/6-311+G** level. The predicted order of 
stability for these tautomers is oxazolidinones > enamines > imines in gas phase and oxazolidinones > 
imines > enamines in aprotic THF solvent. This prediction explains why enamine intermediate can not 
be observed experimentally. The predicted energy/enthalpy difference between the formal 
oxazolidinone structure and the zwitterionic imine structures is very small in THF solvent, suggesting 
the oxazolidinone-to-imine tautomerization can be readily induced in solvent. 13C NMR chemical 
shifts of the oxazolidinone and imine structures have been computed and used to explain the 
experimental NMR spectra observed in oxazolidinone-to-imine tautomerization induced by protic 
solvent.  
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1  INTRODUCTION 
  
A remarkable recent development in the field of 
green organocatalysis is the use of amino acids (or 
their derivatives) as organo-catalysts for a series of 
asymmetric C–C bond formation reactions, as amino 
acids are naturally available, nontoxic, and benign to 
environment. A representative amino acid in such 
applications is the cyclic amino acid, proline[1], 
which is a versatile organocatalyst for not only the 
direct aldol reaction[2] but also other asymmetric 
nucleophilic additions, including asymmetric Micha- 
el reaction[3], Mannich reaction[4], aminoxylation[5], 
amination[6] and so on. Many of such prolinecata- 
lyzed asymmetric reactions could afford excellent 
enantioselectivity with ee values up to >99%, and 
were assumed to follow similar enamine mecha- 
nisms (Fig. 1) involving enamine intermediates and 
transition states that govern the high enantiose- 
lectivities of these asymmetric addition reactions[1, 7]. 
However, the key enamine intermediates formed by 
condensation of L-proline and the substrates (i.e., 
ketones) have never been observed; instead, the 
oxazolidinone tautormers (Fig. 1) have been recently 
observed in aprotic solvents by means of NMR and 
IR spectroscopies, and were supposed to be para- 
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sitic species in these asymmetric addition reactions[8]. 
More recently, a detailed experimental investigation 
by Seebach et al.[9] showed that the oxazolidinones 
are subject to tautomerizing into the zwetterionic 
imines upon addition of protic solvents and can be 
precursors for the asymmetric addition reactions. 
Accordingly, for better understanding the proline- 
catalyzed asymmetric addition reactions, we have 
recently conducted a theoretical investigation regar- 
ding the relative stability of the three tautomers, i.e., 
enamine, oxazolidinone and imine, of the key in- 
termediates derived from two different ketone subs- 
trates, acetone and cyclohexanone, and report the 




Fig. 1.  Enamine mechanism for the L-proline catalyzed asymmetric nucleophilic additions 
 
2  CALCULATION METHODS 
 
We employed the hybrid density functional, 
B3LYP[10], in combination with the standard 6- 
311+G** basis sets (denoted B3LYP/6-311+G**), as 
implemented in GAUSSIAN 03[11]. The solvent ef- 
fects of the normal aprotic solvent, tetrahydrofuran 
(THF, dielectric constant ε = 7.58), were concerned 
by using the CPCM model , in which the cavity was 
built up using the United Atom Topological Model 
applied on UAKS radii[12]. All geometries were fully 
optimized with no constraints of freedom in both gas 
phase and THF solvent, and have been confirmed by 
frequency analysis at the same level. Reported 
energies include the electronic energy with zero- 
point energy corrections (in gas phase) plus the 
solvation free energy from CPCM computations (in 
THF solvent). The enthalpies at 298 K were also 
computed to show the thermal effect on the relative 
stabilities of the tautomers concerned. For selected 
gas-phase structures, 13C NMR shielding tensors 
were computed using the Gauge-Independent Atom 
Orbital (GIAO) method[13] at the B3LYP/6-311+G** 
level. 13C NMR chemical shifts were derived rela- 
tive to tetramethylsilane (TMS).  
 
3  RESULTS AND DISCUSSION 
 
3. 1  Tautomers derived from the condensation 
of L-proline and acetone 
As depicted in Fig. 2, the condensation of L-pro- 
line and acetone can produce two enamine stereo- 
isomers, namely anti-enamine (1_ae) and syn-ena- 
mine (1_se), as well as the imine (1_im) and oxa- 
zolidinone (1_ox) tautomers. Some of the key bond 
lengths of these tautomers are also given in Fig. 2. 
The formal enamine and oxazolidinone tautomers 
have classical valence structures, whereas the imine 
tautomer is zwitterionic with a nonclassical valence 
structure. The two enamine stereoisomers have a 
C=C double bond (i.e., C(3)=C(7)) and an intra- 
molecular N⋅⋅⋅H hydrogen bond between the tertiary 
amino N atom and the carboxylic H atom; in THF 
solvent, the optimized N⋅⋅⋅H distance is 2.01 Å for 
1_se and 2.08 Å for 1_ae; the optimal C(3)=C(7) 
bond length is 1.35 Å, very typical for a C=C double 
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bond. In addition, the N–C(3) bond (1.41 Å) is 
slightly shorter than N–C(1) (1.47 Å), evidencing 
substantial conjugation between the lone-pair elec- 
trons of the tertiary amino group and the C(3)=C(7) 
double bond. In the oxazolidinone tautomer (1_ox), 
the N–C(3) bond length of 1.46 Å is typical for a 
N–C single bond; the formed C(3)–O(5) (1.50 Å) is 
slightly longer than a normal C–O single bond, 
suggesting substantial steric strain pertaining to the 
two fused 5-membered rings. The N–C(3) bond 
length of 1.29 Å, characteristic of a >N+=C< bond, 
in the zwitterionic imine tautomer (1_im) is much 
shorter than those in the enamines.    
 
 
Fig. 2.  Optimized geometries for the intermediates derived from (L-proline+acetone) in THF  
(Bond lengths are in Å, and data for the gas-phase geometries are given in parentheses) 
 
Table 1.  CPCM-B3LYP/6-311+G**-Predicted Relative Energies (∆E), and Enthalpies (∆H) of the  
Intermediates Derived from the Reaction of L-Proline and Acetone in Gas Phase and THF Solvent   
  1_ox 1_im 1_ae 1_se 
E(0 K)　  Gas Phase 0.0 11.3 6.7 4.9 
 In THF 0.0 0.8 9.3 6.2 
H(298 K)　  Gas Phase 0.0 12.2 7.3 5.5 
 In THF 0.0 2.5 9.9 6.7 
See Fig. 2 for the geometries of these intermediates; Units in kcal/mol. 
 
The relative energies (at 0 K) and relative enthal- 
pies (at 298 K) of these tautomers either in gas phase 
or in THF solvent are listed in Table 1. In gas phase, 
the most stable tautomer is oxazolidinone 1_ox, and 
the zwitterionic imine 1_im is the most unstable, by 
11.3/12.2 kcal/mol higher in energy/enthalpy than 
1_ox. In the middle are the two enamines, 1_se and 
1_ae, by 4.9/5.5 and 6.7/7.3 kcal/mol higher in 
energy/enthalpy than the most stable 1_ox, respec- 
tively. So the stability of these tautomers in gas 
phase are in the order: 1_ox > 1_se  ≈ 1_ae > 1_im.   
In THF solvent, the energy/enthalpy difference 
between the classical valence structures, i.e., oxazo- 
lidinone (1_ox) and enamine (1_se and 1_ae) tauto- 
mers, is slightly enlarged, suggesting that the solvent 
effects favor slightly the more compact oxazoli- 
dinone tautomer. On the other hand, it is generally 
accepted that the stability of a zwitterionic molecule 
can be greatly enhanced by solvation. This is indeed 
the case for the imine tautomer concerned herein. 
Upon solvation, the energy/enthalpy difference be- 
tween the imine (1_im) and the most stable oxazo- 
lidinone (1_ox) is reduced remarkably from 
11.3/12.2 (in gas phase) to only 0.8/2.5 kcal/mol; 
meanwhile, the zwitterionic imine even becomes 
much more stable than the enamines, i.e., by 5.4/4.2 
and 8.5/7.4 kcal/mol lower in energy/enthalpy than 
1_se and 1_ae, respectively. Thus the stability of 
these tautomers in THF solvent follows the order: 
1_ox > 1_im > 1_se > 1_ae. That is why the ena- 
mine intermediate can not be observed experimen- 
tally. Furthermore, the small energy difference be- 
tween the oxazolidinone and imine tautomers sug- 
gests that tautomerization between these two tauto- 
mers occurs readily to reach an equilibrium with 
major oxazolidinone and minor imine species in 
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THF solvent. Moreover, the zwitterionic imine could 
be further stabilized by forming hydrogen bond(s) 
with protic molecules (e.g., methanol) and thus be 
favored over the oxazolidinone tautomers in protic 
solvents, which may be the reason that imine struc- 
ture can be observed in protic solvents experi- 
mentally.  
3. 2  Tautomers derived from the condensation 
of L-proline and cyclohexanone 
Because of the 6-membered ring existing in cyclo- 
hexahone, the condensation product 2 derived from 
cyclohexanone has more tautomers (Fig. 3) than that 
from simple acetone. In addition to the two enamine 
stereoisomers (anti-enamine 2_ae and syn-enamine 
2_se), there are two oxazolidinone isomers (2_ox 
and 2_ox΄) and two imine isomers (2_im and 2_im΄). 
Their optimized structures are given in Fig. 3, 
whereas their relative energies (at 0 K) and relative 
enthalpies (at 298 K) are listed in Table 2. The 
energy/enthalpy difference between the two oxazoli- 
dinone isomers or the two imine isomers is quite 
small (< 0.5 kcal/mol) in either gas phase or THF 
solvent. In the gas phase, the oxazolidinone and 
enamine tautomers with formal valence structures 
are more stable than the imine tautomers with 
nonclassical valence structures, giving rise to the 
order of stability: oxazolidinones (2_ox and 2_ox΄) > 
enamines (2_se and 2_ae) > imines (2_im and 
2_im΄). The energy/enthalpy difference between the 
most stable oxazolidinone and the most unstable 
imine is about 11.9/12.7 kcal/mol. Nevertheless, in 
THF solvent, the zwitterionic imines (2_im and 
2_im΄) are significantly stabilized upon solvation, 
leading to a very small energy/enthalpy difference 
(around 1.5 kcal/mol) between the imine and 
oxazolidinone structures. Accordingly, the order of 
stability for these tautomers is oxazolidinones (2_ox 
and 2_ox΄) > imines (2_im and 2_im΄) > enamines 
(2_se and 2_ae). Hence for the organo-catalytic 
reactions involving L-proline and cyclohexanone, 
the so-called key enamine intermediate can not be 
observed experimentally.    
 
Table 2.  CPCM-B3LYP/6-311+G**-Predicted Relative Energies 
(∆E), and Enthalpies (∆H) of the Intermediates Derived from the Reaction  
of L-Proline and Cyclohexanone in Gas Phase and THF Solvent  
  2-ox 2-ox' 2-im 2-im' 2-ae 2-se 
E(0K)　  Gas Phase 0.0 0.5  11.9 11.1 5.9 3.6 
 In THF 0.0 0.5 1.1 1.4 6.1 3.1 
H(298K)　  Gas Phase 0.0 0.5 12.7 11.8 6.7 4.3 
 In THF 0.0 0.5 1.9 2.1 7.0 3.8 




Fig. 3.  Optimized geometries for the intermediates derived from  
(L-proline+cyclohexanone) in THF (bond length in Å) 
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3. 3  13C-13 NMR chemical shifts of  
oxazolidinone and imine 
Seebach et al.[9] have observed three specific 13C 
NMR signals at 63.1, 105.4 and 177.9 ppm for 
oxazolidinone (in aprotic CDCl3 solvent) derived 
from L-proline and cyclohexanone and assigned 
them to the C(1), C(3) and C(2) atoms (c.f. Fig. 3), 
respectively. They also noticed that upon addition of 
protic solvent like CD3OH, these signals were 
significantly changed to 70.5, 190.7 and 172.5 ppm, 
which were assigned to the C(1), C(3) and C(2) 
atoms of the corresponding imine tautomer. To 
confirm the aforementioned assignments, we have 
computed the 13C NMR chemical shifts of oxazo- 
lidinone (2_ox) and imine (2_im); the computed 
chemical shifts for the C(1), C(2) and C(3) atoms of 
these two molecules in gas phase are listed in Table 3, 
together with the available experimental data 
extracted from reference.   
 
Table 3.  GIAO-B3LYP/6-311+G**-Predicted 13C NMR Chemical Shifts (ppm)  
for Selected Atoms in Oxazlidinone (2_ox) and Imine (2_im)  
 C(1) C(2) C(3) 
Theory    
2_ox 69.2 182.7 107.1 
2_im 81.8 160.9 190.9 
Exp.    
Ox.(in CDCl3)  63.1 177.9 105.4 
Im.(in CD3OD) 70.5 172.5 190.7 
See Fig. 3 for definition of the C atoms; the gas-phase optimized structures were used for the GIAO computations.  
 
For the oxazolidinone 2_ox, the computed 13C 
NMR chemical shifts for C(1), C(2), and C(3) are 
69.2, 182.7, and 107.1 ppm, comparable to the expe- 
rimental values of 63.1, 177.9, 105.4 ppm, respec- 
tively. Due to the neglect of solvent effects, the 
average deviation of the theoretical data is nontrivial 
(4.2 ppm) but acceptable for such an elusive 
molecule. Thus it is important to include the solvent 
effects in order to reproduce theoretically the 13C 
chemical shifts of this elusive molecule. Never- 
theless, the present theoretical prediction reproduced 
some of the important features of this molecule. For 
example, the NMR signal of the sp3-hybridized C(3) 
atom is remarkably low-field shifted with respect to 
that of the C(1) atoms; the NMR signal of the 
sp2-hybridized C(2) atom is slightly low-field shifted 
relative to that of a normal carboxylic group.  
For the imine 2_im, the computed 13C NMR che- 
mical shifts for C(1), C(2) and C(3) are 81.8, 160.9 
and 190.9 ppm, respectively. These computed values 
are comparable to the experimental data of 70.5, 
172.5, and 190.7 ppm with an even larger average 
deviation of 8.6 ppm. Such deviation can be also 
ascribed to the neglect of solvent effects as well as 
the effects of hydrogen bonding with protic solvent. 
Note that based on the computed relative energies, 
the solvent effects are remarkably larger for the 
zwitterionic imine structure than for the formal oxa- 
zolidinone structure. Additionally, the imine struc- 
ture should be stabilized by forming hydrogen 
bond(s) with protic solvent molecules. Thus both the 
hydrogen bonding effect and solvent effects should 
be taken into account in order to reproduce the 
observed 13C NMR spectrum of the imine structure 
in protic solvent.  
Despite the large deviations of the computed 13C- 
NMR data for the gas-phase structures relative to the 
experimental data of the molecules in solvent, the 
computations based on gas-phase structure did re- 
produce the spectral features of the oxazolidinone- 
to-imine tautomerization induced by the addition of 
protic solvent. That is, upon tautomerization, the 13C- 
NMR signal of C(3) atom was significantly low- 
field shifted because it changed from sp3-hybrization 
(in 2_ox) to sp2-hybridization (in 2_im); meanwhile, 
the signals of C(1) and C(2) atoms were shifted to 
low- and high-field by 5~10 ppm, respectively. In 
conclusion, the very large low-field shift of the C(3) 
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atom can be a fingerprint of the oxazolidinone-to- 
imine tautomerization.  
 
4  CONCLUSION 
 
The tautomers of the key enamine intermediates 
in the L-proline catalyzed asymmetric nucleophilic 
additions involving ketone substrates (acetone and 
cyclohexanone) have been investigated by means of 
density functional calculations using CPCM model 
to take into account the solvent effects of THF. 
Three types of tautomers, i.e., enamines, oxazoli- 
dinones and imines, derived from the condensation 
of L-proline and acetone (or cyclohexanone) have 
been considered. In gas phase, the predicted order of 
stability is oxazolidinones > enamines > imines. In 
THF solvent, the zwitterionic imines are greatly 
stabilized with stabilities comparable to those of 
oxazolidinones; the predicted order of stability is 
oxazolidinones > imines > enamines. This finding 
suggests that the zwitterionic imine structures can be 
further favored by more polar aprotic solvent or by 
forming hydrogen bond(s) with protic solvent. 
Further theoretical investigation is in progress to 
unravel how the relative stability of these tautomers 
is affected by the polarity of solvents and by forming 
hydrogen bond(s) with protic solvents.  
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